Hyperoxia leads to oxidative modification and damage of macromolecules in the respiratory tract with loss of biological functions. Given the lack of antioxidant gene induction with acute exposure to 100% oxygen, we hypothesized that clearance pathways for oxidatively modified proteins may be induced and serve in the immediate cellular response to preserve the epithelial layer. To test this, airway epithelial cells were obtained from individuals under ambient oxygen conditions and after breathing 100% oxygen for 12 h. Gene expression profiling identified induction of genes in the chaperone and proteasome-ubiquitin-conjugation pathways that together comprise an integrated cellular response to manage and degrade damaged proteins. Analyses also revealed gene expression changes associated with oxidoreductase function, cell cycle regulation, and ATP synthesis. Increased HSP70, protein ubiquitination, and intracellular ATP were validated in cells exposed to hyperoxia in vitro. Inhibition of proteasomal degradation revealed the importance of accelerated protein catabolism for energy production of cells exposed to hyperoxia. Thus, the human airway early response to hyperoxia relies predominantly upon induction of cytoprotective chaperones and the ubiquitin-proteasome-dependent protein degradation system to maintain airway homeostatic integrity.
Oxygen, one of the most abundant elements in our world, is essential for the oxidation of organic compounds to generate the energy needed to sustain life. Under ambient conditions, reactive oxygen species (ROS) are generated at a low level in lung cells during aerobic metabolism. To minimize the oxidant injury that is a consequence of aerobic life, the human lung is endowed with an integrated antioxidant system, which detoxifies reactive products (1) (2) (3) (4) . However, excessive ROS may overwhelm the antioxidant system and result in damage to major cellular components, including membrane lipids, proteins, carbohydrates, and DNA (1, (5) (6) (7) (8) . The pathophysiologic consequences of this injury may include cell death, and tissue inflammation and damage. This is particularly evident during conditions of increased oxygen exposure for medical therapy (4, 9, 10) . The bronchial epithelium is particularly vulnerable to the effects of airborne oxidative stress as the moist mucosal surface of the airway is in direct contact with the environment (11) . Hyperoxia leads to oxidant injury in the respiratory tract, which is manifest as acute tracheobronchitis with edema and decrease in mucocili-ary clearance (12, 13) . Oxidative damage of proteins and loss of biological function is one defined end-point of hyperoxic injury (1, (5) (6) (7) (8) . In the past, significant attention has focused on clarifying the role of antioxidant enzymes such as superoxide dismutases, catalase, or glutathione peroxidases in mitigating airway damage resulting from hyperoxia (6, 7, 12, 14, 15) . Studies show that exposure to lower levels of hyperoxia can lead to upregulation of antioxidant defenses, which are protective in subsequent high-level (Ͼ 95%) oxygen exposure (1) . However, most studies also show that in response to immediate exposure to Ͼ 95% oxygen, antioxidant enzymes are expressed at low levels, and are unable to upregulate rapidly enough to protect against injury (6, 7, 12, 15) . In this context, we hypothesized that in the absence of increased protection against oxidative injury, clearance pathways for oxidatively damaged proteins may have a central role in the early response of cells to maintain the homeostatic integrity of the epithelial layer. Substantial evidence indicates that the ubiquitin-proteasome system is responsible for degrading altered proteins in the cytoplasm, nucleus, and endoplasmic reticulum of eukaryotic cells (16) . Using a functional genomic approach, we analyzed the mRNA levels of human bronchial epithelial cells obtained by brushing at bronchoscopy from healthy volunteers before and after 12 h exposure to Ͼ 95% oxygen. Genes related to proteasome ubiquitin-dependent protein catabolism, cell cycle, or with an oxidoreductase activity were identified as primary early responses to in vivo hyperoxia. In complementary studies, the induction of chaperones, ATP synthesis, and increased ubiquitination was confirmed in human airway epithelial cells exposed to hyperoxia in vitro.
MATERIALS AND METHODS

Study Population and Exposure to Hyperoxia In Vivo
To evaluate human bronchial epithelial cell hyperoxia-related gene expression in vivo, healthy nonsmoking volunteers were studied. All had normal histories, physical examinations, chest X-ray, and spirometry. Exclusion criteria included prolonged exposure to second-hand smoke at home or work; exposure to environmental dusts or toxic agents known to cause pulmonary disease; a history of recurrent episodes of breathlessness, chest tightness, cough, and/or sputum production; human immunodeficiency virus infection; and a history of respiratory infection in the previous 6 wk (7, 12) . Volunteers underwent fiberoptic bronchoscopy with cytology brushings from the right main stem bronchus to obtain bronchial epithelial cells at room air (group normoxia). They returned 2 wk later and were exposed at Ͼ 95% oxygen for 12 h by a full, tight-fitting mask, after which they immediately underwent a bronchoscopy for sampling of bronchial epithelial cells (group hyperoxia) as previously described (7, 12, 17) . In addition, other healthy volunteers underwent bronchoscopy to collect bronchial epithelial cells for culture with exposure to normoxia and hyperoxia in vitro. The study was approved by the Institutional Review Board, and written informed consent was obtained from all volunteers.
Preparation of RNA and Microarray Hybridization
Normal bronchial epithelial cells were obtained by cytology brushings from second-and third-order bronchi as previously described (12) .
Total RNA from fresh human bronchial epithelial cells was isolated by the Guanidium Thiocyanate-Cesium Chloride (GTC-CsCl) gradient method, and first subjected to formaldehyde-agarose gel electrophoresis to confirm its integrity. Samples showing degradation of ribosomal RNA by visual inspection under ultraviolet light were discarded. Total RNA (8 g) was converted into double-stranded cDNA with the SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA) using an oligo (18) 24 primer containing a T7 RNA polymerase promoter (Genset, La Jolla, CA). cDNAs were purified by phenol/chloroform extraction and ethanol precipitation. The cDNA was used as a template for synthesis of the biotinylated cRNA transcript using the BioArray RNA transcript labeling kit (Enzo Diagnostics, Farmingdale, NY). cRNAs were purified from an in vitro transcription reaction using RNeasy kit (Qiagen, Valencia, CA). After fragmentation into Ϸ 200 bp by alkaline treatment (200 mM tris-acetate, pH 8.2/500 mM potassium acetate/ 150 mM magnesium acetate), biotinylated cRNA was hybridized to the test chip as specified by Affymetrix; when satisfactory, 15g of the labeled cRNA were hybridized overnight onto the Affymetrix HG-U133A GeneChip (Affymetrix, Santa Clara, CA), which contained 22,283 human transcripts. After hybridization, each array was washed and stained according to the Affymetrix protocol EukGE-WS2v4, and scanned (GeneArray scanner G2500A; Hewlett-Packard, Palo Alto, CA). The methodology used in our study fulfilled the Microarray Gene Expression Data Society (MGED) Minimum Information About a Microarray Experiment (MIAME) guidelines (www.mged.org/Workgroups/ MIAME/miame.html).
Microarray Data Acquisition and Preprocessing
From data image files, gene transcript levels were determined using algorithms from the Microarray Analysis Suite version 5.1 software (Affymetrix). Based on the detected P value, a single weighted mean expression level for each gene was obtained, as well as the absolute call (designated "Present," "Marginal," or "Absent"), indicating if the transcript was reliably detected using a one-sided Wilcoxon signedrank test. Data was scaled from each array to normalize the results for interarray comparisons by correcting the mean intensity for each array (top and bottom 2% of genes excluded) to a set target intensity of 300. Arrays were assessed for several quality control measures, including the absence of any significant artifacts, the detection P value Ͻ 0.05 (called "Present") for the bacterial genes spiked into the hybridization mix, the 3Ј/5Ј ratio of the intensity for ␤-actin and GADPH, the percent of genes detected as "Present" in each array. Finally, probe sets designated as "Absent" were filtered out in all arrays.
Microarray Data Analysis
The raw data, normalized using the GeneSpring software (Silicon Genetics, Redwood City, CA), was performed as follows: (1 ) per microarray sample, by dividing the raw data by the 50th percentile of all measurements; and (2 ) per gene, by dividing the raw data by the median of the expression level for the gene in all samples. All further analyses were performed on the 9,787 normalized genes from 8 chips. The gene annotations for each probe set were updated with the latest NetAffx HG-U133A annotation file (09-16-2005) at: http://www.affymetrix. com/support/technical/byproduct.affx?productϭhgu133-20 (19) . Assessment of genes with significant change was performed using the GeneSpring software, by calculating the P values using the Welch t test. This analysis was done on the 9,787 genes from 8 chips. Genes were assumed to be significantly upregulated or downregulated if the calculated P value was Ͻ 0.05. The mean value of expression for a given gene in hyperoxia and normoxia was used to determine the fold change in a gene expression between the two conditions. Hierarchical clustering of the genes among samples from individuals in normoxia and in hyperoxia was performed by a Pearson correlation (uncentered) similarity metric and average linkage clustering using the GeneSpring software tools applying Eisen's methodology (20) . Selected genes were subjected to an intensive search to identify biological function and associated regulatory pathways. Genes were classified based on the Gene Ontology Consortium (21) obtained through the NetAffx server (available at www.netaffx.com), public information from GenBank (www.ncbi.nlm. nih.gov/Genbank/index.html), and SOURCE search (http://genomewww5.stanford.edu/cgi-bin/source/sourceSearch) for biological process. To identify functional categories that were modulated by hyperoxia, we used the GOMINER software developed by Zeeberg and coworkers, which gives a P value for Gene Ontology (GO) categories that are enriched in significantly modulated genes (22) .
Cell Culture and In Vitro Hyperoxia
BET-1A cells, a human bronchial epithelial cell line transformed by SV-40 T antigen (23) , was cultured in a serum-free LHC-9 medium consisting of LHC-8 medium (Biofluids, Rockville, MD), 2.75 M epinephrine, 0.33 nM retinoic acid, 25 U/ml penicillin, 25 g/ml streptomycin, and 25 g/ml fungizone (Invitrogen), on plates precoated with coating medium containing 29 g/ml collagen (Vitrogen, Palo Alto, CA), 10 g/ml bovine serum albumin (Biofluids, Camarillo, CA), and 10 g/ml fibronectin (Calbiochem, La Jolla, CA). Primary human airway epithelial cells (HAEC) obtained by bronchial brushing from healthy volunteers were cultured in serum-free Lechner and LaVeck media (LHC8) on plates precoated with coating media as above (24) . Primary HAEC cultures of passages 0-2 were used in experiments. HAEC or BET-1A were placed in a humidified incubator chamber (MIC-101; Billups-Rothenburg, Del Mar, CA), and the chamber inlet port connected to a source of pure oxygen infused at 5 liters/min. Oxygen concentration was monitored at the outlet port, and when oxygen was Ͼ 98% in the chamber, the gas source was disconnected and inlet and outlet ports tightly clamped. The chamber was maintained in an incubator at 37ЊC for the duration of the exposure, and the oxygen monitored at the end of the exposure. At end of exposures of up to 24 h oxygen levels were 98 Ϯ 2%. After exposure, the cells were rinsed three times with phosphate-buffered saline and harvested for RNA and protein extracts.
To evaluate the effect of hyperoxia on ubiquitination of proteins, 50 M proteasome inhibitor Ac-Leu-Leu-nLeu-al (ALLN; Santa Cruz Biotechnology, Santa Cruz, CA) was added before hyperoxia to block proteasome degradation.
Northern Blot Analysis
Total RNA from cells was extracted by the GTC ([4 M guanidium thiocyanate, 25 mM sodium citrate, pH 7.0], 0.5% sarkosyl, and 0.1 M ␤-mercaptoethanol)-CsCl gradient method and evaluated by Northern blot using a [
32 P]-labeled Heat Shock Protein 70 (HSP70) probe (25, 26) and [ 32 P]-labeled 18S ribosomal RNA as a control. The blots were then subjected to autoradiography and the HSP70 bands quantified relative to 18S ribosomal RNA using a PhosphorImager (Molecular Dynamics, Sunnyvale, CA).
Western Blot Analysis
BET-1A cells were harvested in an ice-cold buffer containing 50 mM Tris (pH 7.9), 50 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol (DTT), 0.5% Nonidet P-40, 10% glycerol, 1 mM phenylmethylsulphonylfluoride (PMSF), 5 g/ml leupeptin, 10 g/ml pepstatin A, 200 M sodium orthovanadate (NaOV), and 20 g/ml aprotinin (24, 27) . Cell lysates (70 g/lane) were separated by electrophoresis on 15% SDS-PAGE HCl gel and then electrophoretically transfered onto a nitocellulose membrane or onto Immuno-Blot PVDF Membrane (0.2 m; Bio-Rad, Hercules, CA). The membrane was blocked with 5% nonfat milk or 5% bovine serum albumin (BSA; Biosource, Rockville, MD), and incubated overnight with primary antibodies. Antibodies included monoclonal anti-ubiquitin antibody P4D1 (Santa Cruz Biotechnology), the rabbit polyclonal cleaved caspase-8 antibody (Cell Signaling Technology, Danvers, MA), the mouse monoclonal anti-␤-actin antibody AC-15 (Sigma-Aldrich, St. Louis, MO), and the secondary antibody was conjugated to horseradish peroxidase. The detection of signal was performed with enhanced chemiluminescent system (ECL; Amersham, Arlington Heights, IL).
Measurement of Intracellular ATP Concentration
Whole cell protein extracts from BET-1A cells were harvested as described above. ATP concentration within lysates was detected using the ATPlite Luminescence ATP Detection Assay System (PerkinElmer, Boston, MA). Values were normalized for protein concentrations of the lysate.
RESULTS
Clinical Assessment of Healthy Volunteers and Biological Samples
Global characteristics of healthy volunteers included average age of 27 Ϯ 2 yr, 3 females, and all were white. The major epithelial cell types obtained by brushing at bronchoscopy included ciliated, secretory, basal, and undifferentiated cells, and a small number of inflammatory cells as previously reported (7) . A total of six individuals were analyzed by microarray. Two chips, representing paired RNA from one volunteer under normoxia and hyperoxia, displayed a poor microarray quality score and were not used in analyses. Of the remaining five individuals, RNA was degraded in one of the five under normoxia, and in another one of five under hyperoxia. Thus eight chips representing five individuals, with three of the five individuals having paired data before and after hyperoxia, were of good quality and used in analyses (Table 1) .
Global Analysis of Gene Expression Profiles
Based on the selection of genes called "Present," and those found in at least three of four chips in each condition (normoxia or hyperoxia), a total of 9,787 genes were identified in the final set of analyzed genes. Based on the Welch t test, we identified 135 genes (1.4% of the total genes) significantly modulated by hyperoxia-that is, 97 up-regulated genes and 38 down-regulated genes (Tables 2 and 3 ). Fold change of modulated genes was modest: 6% of these genes displayed on average Ϯ 60% variation in hyperoxia versus normoxia, 19% displayed Ϯ 40-60% variation, 58% displayed Ϯ 20-40% variation, and 17% of the genes had Ͻ 20% variation. Consequently, the P value for each gene from the Welch t test was obtained without any correction for false discovery rate ( Figure 1 ). The effects of hyperoxia were also assessed through the complementary approach of global analysis of gene expression by the clustering method. This approach identified individuals rather than the hyperoxia exposure within the whole set of 9,787 genes ( Figure 2A ). Hyperoxia exposure was discriminated by gene expression profile when the subgroup of genes for analyses was selected upon the P value Ͻ 0.05 (i.e., the set of 135 significantly modulated genes; Figure  2B ). To mitigate any difficulty with false detection, we focused on the functional categories according to the Gene Ontology (GO) denomination rather than on the modulation of specific genes by themselves. Functional analysis was extrapolated through the GO categories for each gene, with the aid of the GOMINER software (22) (Table 4 ). This approach identified the involvement of several groups of genes with particular known molecular functions and biological processes and thus helps the understanding of the complex integrated hyperoxia-induced cell response ( Figures 3A and 3B ). Categories of genes involved in protein modification were predominantly identified, especially genes with oxidoreductase activity and those involved in ubiquitination. There was also induction of genes involved in ATP synthesis. Of note, a group of genes with unknown function was also identified. Some of these, however, belong to well-defined categories such as the ubiquitin-dependent protein catabolism for PSMD9 or protein ser/thr/tyr kinase activity for LIMK2; the grouping shown is inherent to the GO classification.
Selected Pathways and Categories of Interest from the Functional Analysis
Antioxidants, redox-related genes, and glutathione metabolism. Antioxidant enzymes including the superoxide dismutases (SOD), catalase, glutamylcysteine ligase (GCL), or glutathione peroxidases (GPx) were not significantly modulated by hyperoxia ( Table 5 ). The functional analysis identified genes with oxidoreductase activity instead (Table 4 ). This group includes alcohol dehydrogenases especially involved in the metabolism of lipid peroxidation products, suggesting a pivotal role of redox homeostasis in hyperoxia response. The glutathione metabolism category was not identified by functional analyses. However, genes related to glutathione/thiol metabolism were significantly modulated in the gene expression analysis, such as glutaredoxin 2 (GLRX2) and alcohol dehydrogenase 5 (ADH5). GLRX2 catalyzes the glutathione-dependent reduction of disulfides and glutathione-mixed disulfides in the mitochondrion (18, 28) , whereas ADH5, a ubiquitous protein widely distributed in mammals, acts as a glutathione-dependent formaldehyde dehydrogenase, controlling intracellular levels of S-nitrosoglutathione, S-nitrosylated proteins, and the metabolism of lipid peroxidation products (29, 30) . Together these enzymes contribute to cellular redox homeostasis. Ubiquitination and protein catabolism pathway. The ubiquitindependent protein catabolism and protein modification categories were the foremost biological process identified by the functional analysis using the GOMINER approach (Table 4, Figure  3 ). Among the genes identified in this category were proteasome subunit ␣1 (PSMA1), ubiquitin-conjugating enzyme E2E1 (UBE2E1), ubiquitin-conjugating enzyme E2L3 (UBE2L3), ubiquitin-specific protease 24 (USP24), and PSMD9 (Table 3) .
Genes involved in the response to stress and inflammation. Chaperones from the heat shock 70-kD (HSP70) and 40-kD (HSP40) family were induced by hyperoxia; that is, heat shock 70-kD protein 5-glucose-regulated protein (HSPA5), which is the only heat shock from the endoplasmic reticulum in the set of 9,784 genes, and DnaJ (HSP40) homolog subfamily B member * Hyperoxia/normoxia ratio of the median. † Welch t test performed to determine significant genes on the filtered set of 9,787 genes.
(DNAJB12)
. This confirms previous reports of increase of HSP70 at the mRNA level in airway epithelial cells exposed to acute hyperoxia (6) . There was no evidence of an increase in genes involved in the immune response or the acute-phase inflammatory response within 12 h of exposure to hyperoxia. Cell cycle-related genes. The GOMINER functional analysis suggested a state of cell cycle arrest. The main alterations of molecular function identified were the protein phosphatases, especially with tyrosine phosphatase activity-for example, dual specificity phosphatase 7 (DUSP7), protein tyrosine phosphatase, nonreceptor type 13 (PTPN13), cell division cycle 14 homolog A (CDC14A), and tensin-like SH2 domain-containing 1 (TENS1) (Table 4, Figure 3 ). This was reinforced by the identification of genes involved in phosphorus metabolism, especially protein dephosphorylation and the regulation of DNA replication, that is, the significant decrease in cyclin-dependent kinase 2 (CDK2), which is involved in the late phase of G1-S transition. These findings suggest that cell cycle arrest may be an adaptive early response to cellular stress.
In Vitro Hyperoxia
Increased ubiquitination of proteins in BET-1A cells. To confirm the involvement of ubiquitin-dependent protein catabolism induced by hyperoxia at the RNA level, transformed airway epithelial BET-1A cells were exposed to hyperoxia in vitro. We used proteasome inhibitor ALLN at 50 M to quantitate the total level of ubiquitination occurring over time. At this concentration there is no evidence of cell toxicity, as reported by other studies using ALLN (31, 32) . Here, cells displayed a low level of ubiquitinated proteins at baseline, which increased rapidly in a time-dependent manner in response to hyperoxia exposure compared with room air exposure (Figure 4) .
Increased expression of HSP 70 mRNA in BET-1A cells and HAEC. Previous study showed that upregulation of HSP70 specifically protected a lung epithelial cell line against hyperoxia by attenuating hyperoxia-mediated lipid peroxidation and ATP depletion (33) . Here, primary and transformed airway epithelial cells exposed to hyperoxia in vitro confirmed upregulation of HSP70 mRNA by Northern analysis by 24 h of exposure ( Figure 5 ).
Adverse effects of proteasome inhibition on ATP levels and activation/cleavage of caspase 8. To investigate the role of increased protein catabolism in cells acutely exposed to hyperoxia, airway epithelial cells were exposed to hyperoxia in the presence or absence of ALLN. No evidence of cell toxicity was observed with ALLN, which is consistent with previous studies using human airway epithelial cells (data not shown) (31, 32, 34) . Total protein concentrations of cell lysates were similar in cells without ALLN and exposed to ALLN in the presence or absence of hyperoxia (all P Ͼ 0.7). To determine the functional consequence of blocking the proteasome pathway in terms of cell metabolism and cell death pathways, intracellular free ATP level was measured (35) . Under hyperoxia, BET-1A cells increased intracellular ATP, which was consistent with the findings from the transcriptome analyses of human airway epithelium exposed to hyperoxia in vivo that identified upregulation of ATP synthesis as a significant biological pathway. However, the ALLN-pretreated cells exposed to hyperoxia were unable to increase the intracellular ATP level ( Figure 6A ). Since increased ATP is likely necessary to adjust cellular metabolism and homeostasis in stressed cells, the consequence in terms of cell death was evaluated by using caspase 8 cleavage as a marker of activation of cell death. Cleavage of caspase 8 was increased at 24 h and 48 h in hyperoxia-exposed BET-1A cells pretreated with ALLN, but not cells undergoing hyperoxia exposure only ( Figure 6B ). These results indicate that proteasome clearance of oxidantdamaged proteins is required for induction of energy production by the cell.
DISCUSSION
Using gene expression profiling, we identified the early integrated response of the human bronchial epithelium after hyperoxia exposure in vivo. This situation frequently occurs during the treatment of acute respiratory distress syndrome in the adult and the newborn, and represents an example of oxidative stress, which is a common final pathway involved in the pathogenesis of many airway diseases such as asthma, chronic obstructive pulmonary disease, and cystic fibrosis (4) . Although the source of the oxidative stress differs among environmental exposure in which the oxidants are present in the inhaled air (e.g., hyperoxia, air pollution, cigarette smoke) and inflammatory airway diseases in which the inflammatory cells recruited to the airways produce ROS, the airway response to oxidants appears generally similar (1). Consistent with two genomic studies of human airway cells after oxidant stress induced by cigarette smoke in vivo, hyperoxia leads to a greater number of genes up-regulated than downregulated (36, 37) . This is in contrast to results from genomic analyses of whole lungs of mice exposed to hyperoxia using a similar approach to this study (38) . This may be related to differences between human and murine gene responses, the use of whole murine lung tissue as opposed to our relatively pure bronchial epithelial cells obtained by brushing, or the use of different manufacturers' microarrays (36) (37) (38) . Nevertheless, the fold change of responses in this study, that is, hyperoxia to normoxia ratio, for modulated genes was relatively low. One explanation may be the abundant protective levels of antioxidant scavenging molecules, including glutathione, in the extracellular epithelial lining fluid in vivo. This first barrier may attenuate the cellular epithelial oxidant stress in the first 12 h of hyperoxia exposure (1, 39) . Traditionally, complementary approaches were used to confirm individual genes identified in the gene expression analysis. Since the development of this powerful technology, the procedures for DNA microarrays have been carefully standardized from the design of the study to the extraction and treatment of the data to guarantee optimal confidence in the results (www.mged.org/Workgroups/MIAME/miame.html) (21, 22, 40) . Recent studies validated changes in modulated genes similar in direction and magnitude when compared with semiquantitative RT-PCR (38, 41, 42) . The new strategies developed to improve the validity of the analysis focus on the identification of sets of genes instead of individual genes by themselves (43, 44) . In this study, we used the same approach, assuming that a set of genes displaying coordinated expression level is involved in a functional pathway. This approach is particularly well suited toward understanding the inherent complexity of biological systems; that is, the concept of systems biology is founded on models translating the results of global functional genomics into a comprehensive understanding of how organisms are organized and operate (45) . Genes significantly different under conditions of hyperoxia versus normoxia in five patients for expression of 9,787 genes evaluated in bronchial epithelial cells. The P values were calculated for each gene called "Present" and found in at least three of the four microarrays in each condition using the Welch t test. Ordinate, P value for each gene; abscissa, geometric mean of values in normoxia and hyperoxia, that is, 0.5 ϫ (log 2 Nor ϩ log 2 Hyp) (68) . Genes significantly overexpressed in hyperoxia are in red, and significantly underexpressed in hyperoxia in green.
Here, the inability of the bronchial epithelium to upregulate antioxidant enzymes including SOD1, SOD2, and catalase, is in accordance with previous studies showing a relatively low level of antioxidant mRNAs at baseline without any increase after 24-48 h of hyperoxia exposure in humans (7, 12, 15) . The antioxidant enzyme response is similar to that of humans in murine lungs but different than in the rat (38, 46, 47) . Interestingly, transgenic models with overexpression or mice deficient in these enzymes do not show evidence of an essential role of SOD and catalase in preventing hyperoxia injury in murine lungs (46) . One of the protective antioxidant systems in the airway is glutathione, which neutralizes oxidants and inhibits oxidant-induced intracellular signal transduction, thus attenuating proinflammatory cellular responses (4) . Human airway epithelial cell lines, including 16-HBE, BEAS-2B, NCI-H292, and A549, increase intracellular glutathione within hours of hyperoxia exposure in vitro (15, 48, 49) . The mechanism for the glutathione increase may be related in part to a rapid, but transient, increase of glutamylcysteine ligase, the rate-limiting enzyme in de novo synthesis of GSH; intracellular levels increase 4 h after hyperoxia in vitro and return to basal levels by 12 h (50). In this study, changes in glutamylcysteine ligase mRNA were not found, but the airways were sampled after 12 h of hyperoxia, and earlier time of induction would not have been detected. However, other interacting components of the glutathione-antioxidant system, including ␥-glutamyltransferase, glutathione peroxidases, and glutathione reductase, were not induced in this study, or in previous in vitro studies of primary human bronchial epithelial cells and bronchial epithelial cell lines exposed to hyperoxia (15, 24, (49) (50) (51) . Other data support that upregulation of glutathione antioxidant systems are not requisite for defense against hyperoxia (25, 38, 52, 53) . For example, glutathione peroxidase 1-deficient mice do not have increased sensitivity to hyperoxia (52, 53) . Moreover, depletion of glutathione does not increase the sensitivity of BEAS-2B cells to hyperoxia (15) . Taken together, enzymes of the glutathione antioxidant system do not appear to be one of the essential Figure 2 . Hierarchical clustering of all 9,787 genes (A ), or the subset of 135 genes differentially expressed according to a P value below 0.05 between hyperoxia and normoxia (B ). Gene and condition trees were generated by hierarchical clustering of genes called "Present" in at least three of the four microarrays using the Pearson correlation. N refers to normoxia, H to hyperoxia, with numbers identifying volunteers. Using all genes (A ), clustering occurs by pairs; for example, N3 and H3 are paired normoxia and hyperoxia of Volunteer no. 3. Using the subset of genes (B ), clustering is by normoxia and hyperoxia groups. Individuals N1 and H5 are unpaired conditions of normoxia and hyperoxia, respectively. early adaptive responses to in vivo hyperoxia at the transcriptional level.
Functional analyses suggest an early effect of hyperoxia is the inhibition of DNA replication and transcription together with increased phosphatases, which would lead to a decrease in the phosphorylation status of the cell, and a possible resultant protective growth arrest. This is consistent with previous studies in mammalian and human cells exposed to hyperoxia that show a block of the G1 to S phase progression in the cell cycle mediated by an increase in CDK inhibitor p21 WAF1/CIP1 within the first 12 h (8, 32, (54) (55) (56) (57) . Cell cycle arrest may provide time for repair of damage sustained under hyperoxia stress, and thus avoid the replication and propagation of potentially hazardous mutations (8, 32, 56, 57) . This conjecture may be supported by the decrease in CdK2 and the increase expression of genes from the protein dephosphorylation category in our study (8, 57) .
The induction of genes related to the proteasome, ubiquitinconjugation pathways, protein folding, and chaperone functions in this study suggests a carefully integrated and coordinated response to identify hyperoxia-related damaged proteins and perhaps direct them toward the protein catabolism pathway (5, 27, 58, 59) . Early induction of heat shock proteins in response to hyperoxia is a well-known adaptive mechanism in the prevention of aggregation and repair of damaged cellular macromolecules, including oxidized proteins and lipids (58) . Hyperoxia increases expression of HSP70 mRNA in primary bronchial epithelial cells in vitro (6) , and HSP70 attenuates lipid peroxidation in the human airway epithelial cell line A549 exposed to hyperoxia (33) . Here, upregulation of HSP70 was detected in response to hyperoxia in vivo and also confirmed in BET-1A and primary human airway epithelial cells exposed in vitro. Another important role of this molecular chaperone is to interact with the ubiquitin system (58) . Ubiquitination is the process by which a polyubiquitin chain is added onto altered proteins, which allows the proteasome to recognize, bind, and unfold the ubiquitinated proteins, and subsequently digest them into small peptides (5, 26, 58, 60) . Chaperones act as protein stabilizers, preventing aggregation of misfolded proteins before the ubiquitin-proteasome-dependent degradation pathway (58) . Greater ubiquitination of proteins in cells exposed to hyperoxia was confirmed in vitro. Disturbance in the processing and degradation of proteins are implicated in the physiopathology of many diseases, such as cystic fibrosis, which was recently confirmed using the same approach (32, 43, 61) ; hence the ability to upregulate ubiquitin-proteasome pathway is likely an essential defense to prevent tissue injury as a result of accumulation of damaged and misfolded proteins. In fact, the critical function of increasing protein clearance in hyperoxia was confirmed through measures of cellular ATP and activation of cell death pathways under conditions of inhibition of proteasomal degradation of proteins.
The ability of the cell to produce ATP in response to hyperoxia is a pivotal event in prevention of injury. An increase in glucose consumption and ATP production has previously been reported in the A549 lung cancer cell line exposed to hyperoxia (33, 62) . In this study, genes involved in glycolysis were not induced in vivo, consistent with studies in mice exposed to hyper- oxia and studies of human airway epithelial cells from individuals who smoke cigarettes (36, 38) . However, hyperoxia and resultant oxidant stress may mediate effects on protein function through both transcriptional events and post-translational protein modifications. Protein tyrosine nitration, a selective and reversible process, occurs during oxidative stress, and leads to inactivation of proteins including enzymes in glycolysis and in the TCA cycle, resulting in inhibition of energy production (63) . Functional genomic analysis in this study indicates that hyperoxia upregulates proteins involved in ATP production. This was confirmed by the marked and rapid induction of ATP levels in cells exposed to hyperoxia in vitro. The lack of increase of ATP, and the activation of caspase 8, with proteasome blockade suggests that degradation and clearance of proteins, is critical for the increase of ATP production and avoidance of cell death. Notably, the absence of apoptosis in cells exposed to hyperoxia in vitro was shown in previous studies of human airway epithelial cells, in which the occurrence of cell death occurs after days of exposure but appears more suggestive of necrosis (64, 65) . This transcriptional signature of genes involved in ATP production (especially mitochondrial oxidoreductase activity genes) and genes involved in protein degradation (including ubiquitins) is shared among other diseases including cystic fibrosis (43) and muscular atrophy (66) . These reports highlight the importance of the interaction between these pathways as a common cellular response to stress.
In an in vitro model of human fibroblast exposure to oxidative stress, the accumulation of oxidatively modified proteins correlates with the inability of the cell to maintain intracellular ATP, with subsequent occurrence of necrosis, rather than apoptosis (67) . The cell death, whether by necrosis or apoptosis, of human bronchial epithelium in vivo requires further studies.
In summary, human bronchial epithelial cells display small variations in gene expression after exposure to in vivo hyperoxia. The functional categories involved are suggestive of cell cycle arrest and induction of cytoprotective chaperones and the ubiquitin-proteasome-dependent protein degradation system. Involvement of genes with oxidoreductase activity likely contribute to maintenance of reduced glutathione and thiols that are critical for oxidant-scavenging capacity and energy production. These responses, which occur within 12 h of hyperoxia exposure in vivo, may be effective in preserving homeostatic integrity of the airway in the short term; however, under conditions of sustained oxygen exposure and/or chronic oxidative stress, they may not be sufficient to safeguard against injury of the airway.
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